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ABSTRACT ' 

The performance of multilayer insulation in a rapidly depressurizing environment is 
determined by the variation of heat transfer with internal pressure and the pressure history of the 
interstitial gas. Measurements of thermal performance were made on three multilayer insulation 
configurations at room temperature and steady-state pressures form 10- 6 to 10 1 torr. The heat 
transfer due to gas conduction alone correlated with the kinetic theory of gases in the molecular 
flow regime. Pressure histories were measured in a unique apparatus which simulated the 
depressurization rate of a boost vehicle. The pressure histories on both sides of two of the 
configurations were measured to bound the actual interstitial pressure. The results of the two types 
of measurements agreed with earlier work and were combined to make performance predictions 
using an actual ascent pressure history. 

INTRODUCTION 

The performance of multilayer insulation (MLI) in a rapidly depresssurizing environment is 
of interest in some ballistic missile applications. This performance is determined by the variation 
of heat transfer with internal pressure and the pressure history of the interstitial gas. If both of 
these relationships are known, the insulation performance can be predicted for all times. The 
objectives of this study were to quantify the pressure dependence and determine pressure histories 
of some typical MLI configurations. 

Thermal conductivity and effective emissivity are measures of the rate of heat transfer 
through a material. At low internal pressures, heat is transferred through MLI by a combination of 
radiation between adjacent layers and conduction through material contact points. At higher 
internal pressures, heat is also conducted by molecular collisions with the layers. To determine the 
contribution due to gas conduction alone, the heat transfer rates through three multilayer 
configurations were measured at room temperature, at a series of steady-state pressures between 
10-6 and 10-i torr. A ten layer, a four layer, and a two layer configuration were investigated. 

To determine the pressure history of the interstitial gas in broadside venting MLI, the ascent 
pressure history of a boost vehicle was simulated. The pressures on both sides of the MLI were 
measured during the rapid depressurization of one side. The actual interstitial pressure was thus 
bounded by the two measured pressures. The ten layer and four layer blankets were investigated, 
and pressures between atmospheric and 10-6 torr were recorded. 

After a brief comparison of the measures of thermal performance, the kinetic theory of gas 
conduction in the molecular flow regime will be presented. The two types of measurements 
performed will then be described. Finally, some predictions of MLI performance will be made 
using an actual ascent pressure history. 


♦This work was sponsored by the Strategic Defense Initiative Organization. 
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HF.AT TRA NSFF r THEORY 
THERMAL PERFORMANCE 

and dis^^n^e^^the^an^e cmfig^rion^d^'un^i^' oan^don^are known, each can be 
calculated from the other. 

The effective thermal conductivity (k, ff ) between parallel plates is defined in terms of the 
total heat flux (Q/A), whose units arc power per unit area, as 

keff=(Q/A)t/(TH-Tc) 

for comparing materials whose properties vary y .. . . t Effective thermal 

boundary temperatures. 

The effective heat transfer coefficient (h.rr) is simply the effective thermal conductivity per 
unit thickness. 

heff = (Q/A) / (Th - Tc) 
the case of MLI, equal numbers of layers. 

Since the number of applications for MLI at different boundary tacreased ' 

effective emissivity ( £eft ) has been used for performance compansonL fits defined as 

eeff = (Q/A)/<r(TH 4 -Tc 4 ) 

where o is the Stefan-Boltznmnna^tM^Eff^^e^issmtymdudes^e^tem^^^^ boundary 

of js A*-. 

effective emissivity will be used here. 

PRESSURE DEPENDENCE 

The pressure dependence of MLI thermal performance is determined by the variation with 

pressure of the total heat transfer through /Jq/J)’ ^a^rSdon ((Q/AW- At 

heat is transferred by a combinauon of solid conduction ((Q/ A )scl ana rauiai wv n 

higher internal pressures, heat is also conducted by 

The total heat transferred is the sum of the heat transferred by ea 

Q/A = (Q/A)sc + (Q/AXad + (Q/A) gc 
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• . For S iven bound fy temperatures, the amount of heat conducted through material contact 
pomts has ten assumed to be constant, independent of the pressure of thT mtemitra" aa? The 

Cndarv.e™' "f' at ' d ad j a “ m la * ers " as Assumed to becoTsC fore™ 

performance is therefore en^^P^™ 1 ^ variation oJgL cc^uction e ^ en ^ enCe ° f ** 

nf thf» o^!rf n th ^- mean u free path ° f Ae S as molecules is greater than the characteristic dimensions 
°£ ^ configuration, the gas is characterized by molecular flow In a ten laverblanS^^m 
dttck the distance between radiation shields is about .25 ,Z. mLnfreepathofana™ 
molecule is greater than this dimension for anv pressure less than ? tnrr o * i 

Z fi Tlreref n ° f th W n ame thickness ’ ,he onse < of the transition to continuum flow occure aMH 
Therefore, Ute flow was assumed to be in the molecular regime for the pressu^s^uveldgaS 

GAS CONDUCTION 

Kn . l! ? * e mole cular flow regime, the heat transferred between two surfaces is expressed bv 
Knudsen s theory of free molecular conductions. expressed oy 


where 


and 


( Q /A V - P AT 

2 2 -a y - 1 ^2rrMT c J 

a is the accommodation coefficient of the surfaces 
y is the ratio of specific heats at constant pressure and volume 
R is the universal gas constant 
M is the molecular weight of the air 
P is the pressure of the interstitial gas 

5?"“ ,WO -ccommodation cocflicicn, 


was taken to be an average value of .9 2,3,4. 

te mperature difference used to calculate this heat flux is the temperature difference 
JST if 1 ° tW r° adjac 5 lt surf aces. It is related to the total temperature difference between the hot and 

sZc^ sZlZZL b ,V h , e ,"r ber 0f Sur ?“ ^ <">• or spacet towe^Tet,^ 
urtaces. Simply dividing the total temperature difference by the number of spaces in between, 

AT = (T h - T c ) / n 

sbs r m r o^ow suff,c,endy ™ *° «—• ™* »— « 

For the ten layer blanket tested, the number of spaces was taken to be 9 nlus 1 additional 
pace on top, between the blanket and a temperature controlled surface. Similarly n was taken to 
be 4 for the four layer blanket. For the two layer configuration tested!™ e tom" temnSature 

oontioU^ surface ^ each of the two Ia y ers was in contact wi ^ one of the temperature 

, A measurement of the heat flux under high vacuum represented a measure of radiation and 
wl * out a contribution from gas conduction. By measuring the heat flux at higher 
pressures, the theoretical pressure dependence of thermal conductivity could be verified. g 
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PROCEDURE 

The heat flux through samples of MLI was measured in a guarded hot-plate calorimeter 
mounted in a bell-jar vacuum system. The test setup is shown schematically in Figure 1.1 he 
main heater was held at about 40 C and the liquid cooled heat sinks at about 0 C so that die sample 
average was near room temperature. The temperature controlled surfaces were separated by small 
fiberglass spacers at three locations around the guard heater circumference. 

The temperature of the guard heater was maintained within 2 C of the main heater 
temperature to minimize the heat leak in the radial direction. No extra guard heater was required 
around the test samples because the radiation leak to the room temperature surroundings was small. 
Two samples, of each configuration tested, and two heat sinks were used so that all P 9 w jr into the 
main heater flowed out axially through sample material. Hence, the area of the main heater 
only half of the measured power to it were used in the calculation of effective emissivity. The 
samples tested were 20 cm in diameter, and the main heater was 10 cm in diameter. 

To control the pressure, a provision for nitrogen gas to be introduced into the bell jar 
through a needle valve was included. By adjusting the gate valve to the vacuum pump and the 
needle valve controlling the nitrogen flow rate, any pressure above 7x10-6 torr could be 
maintained. An ionization vacuum gauge measured pressures below 4x10-2 torr. 

Three MLI configurations were measured. The first was a ten layer blanket with mesh 
spacers. The layers were 8 micron thick Kapton* film, aluminized on both sides, perforated with 
1.3 mm diameter holes which accounted for 2.2% of the area. The mesh consisted of pairs o 
micron diameter Dacron* fibers in a 3 mm grid pattern. The blanket was approximately 2.5 mm 
thick so the temperature controlled surfaces were separated by 2.9 mm thick spacers. 

The second configuration tested was a four layer blanket made of the same materials. It 
was approximately .9 mm thick, and 1.5 mm thick fiberglass spacers were used. 

The third configuration consisted of two layers of 130 micron thick Kapton film, 
aluminized on one side, separated by the 2.9 mm spacers. The first layer was laid i or i the ^lower 
temperature controlled surface, aluminum side up, and the fiberglass spacers were placed arou 
the edge. The second layer was then held in place by the upper temperature controlled sirfaee 
aluminum side down. The layer separation varied across the sample, but the aluminized surfaces 
did not touch at any point. Two samples of each configuration were assembled. 

Each measurement required from 3 to 5 days to equilibrate in both pressure and 
temperature. This was due to the large outgassing surface area, low pumping speed, low lowers, 
relatively large thermal masses, and low conductivities involved. Equilibrium was reached when 
the average boundary temperatures had not changed more than .1 C in four hours and the pressure 
had not changed more thS 1/100 of the current decade. Measurementswere made at a Jow 
pressure, increasingly higher pressures, intermediate pressures to check reproducibility, and finally 

the lowest pressure. 


* Kapton polyimide film and Dacron polyester fibers, manufactured by E. I. du Pont de Nemours 
& Co., Inc. 
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RESULTS 


The effective emissivities at various pressures are shown in Figure 2 for the three 
configurations tested. The squares, triangles and circles represent measurements of the two, four 
and ten layer configurations respectively. Effective emissivities were calculated from measured 
neat fluxes and boundary temperatures. The curves were calculated by adding the heat flux given 
by the theory of free molecular gas conduction to the lowest measured heat flux, in each case and 
then converting to effective emissivity. Thus, the theoretical curves are forced to fit the 
experimental data at their lowest points and the theory describes only the increase in heat transfer 
due to gas conduction. 

DISCUSSION 

The variation in performance with pressure of any multilayer configuration can be predicted 
given a value of effective emissivity at high vacuum. The effective emissivity in the absence of gas 
molecules is a measure of the heat transfer by radiation and solid conduction alone. The kinetic 
theory of gas conduction describes well the increase in heat transfer with increasing pressure. 

This relationship is shown graphically in Figure 3 for the case of ten layer blankets. The 
effective emissivity as a function of pressure of the blanket tested, both experiment and theory, is 
shown along with the theoretical predictions for two hypothetical higher performance blankets A 
configuration with higher performance has lower radiation and solid conduction heat transfer and a 
lower high- vacuum effective emissivity. The straight line is the effective emissivity resulting from 
gas conduction alone. The theoretical curves are simply the sum of this straight line and the 
various high-vacuum effective emissivities. As the interstitial gas pressure increases, gas 
conduction dominates radiation and solid conduction, and the performance of all ten layer blankets 

mnvprflp * 


A comparison of these results with those found originally in reference 5, is shown in 
Figure 4. The circles are the present measurements of a ten layer blanket. The curves are 
equivalent emissivity calculated for a .25 cm thickness of two types of MLI from reference 5. The 
kinetic theory of gas conduction, the solid line, fits the present data better (for pressures above 
2x10-3 torr where gas conduction dominates) than that of the earlier work. 

A pressure of 10- 4 torr or less is sufficient to ensure the minimum effective emissivity for 
any particular ten layer blanket. This is true for any practical configuration of ten layers. But, for 
the configuration tested, a pressure of about 10-3 torr is sufficient. This pressure is probably 
applicable to any easily attainable configuration of ten layers. 

ERESSURE HISTORY MEASUREMENTS 

PROCEDURE 

The four and ten layer blankets described above were tested to determine the interstitial 
pressure as a function of time during broadside venting. A single sample was mounted in the 
stainless steel chamber shown schematically in Figure 5. The volume of this chamber, 8 liters 
was minimized to make the vacuum pumping rate as fast as possible. 

The blanket sample was mounted so as to divide the chamber into two volumes. The 
sample was clamped around the circumference with an aluminum ring as shown in Figure 5. The 
volume on one side, the pumped region, was evacuated in three stages: a carbon vane mechanical 
pump, a liquid nitrogen sorption pump, and the opening of an 18 cm diameter gate valve. The gate 
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volume on the other side of the sample, the enclosed region, was 4 liters. 

The pressures on both sides of the test sample were 
and ionization vacuum gauges with 2.5 depressures measured by the sets of 

Chamber was evacuared without any sample in 

place. 

No clean-room procedures were followed when handling the sample materials. 

that were handled without any particular precautions. 

RESULTS AND DISCUSSION 

Representative measured pressure histories are shown in Figure 6. The lowercurves show 
the pressures measured in the pumped region outside the fow or ^ayer es ^ sample blanket . 
curves are the corresponding prewures f^J^ n b J 1|1(k ^ the actual interetitial pressure within 

skss ss?i E j-jj— sa 

depressurization was due to resistance to the How of gas ^ssing mroug 

enclosed region Delays are evident in both of the cases shown in Figure 6 ueiay rimes iru 

15 seconds iere observed. The delay time is related to the conductance of the blanket. 

“wSSSSSESSSsSSSES 

material outgassing was indicated. 

The results of three consecutive tests of the ten layer blanket are shown in .Figure 7 The 

chambervra^blackftlled with dry niuogen between ™n, mpressuresshown £• 

the enclosed region. When repeated m succession, some ^^^^uation of the same 

were removed and each test resulted m low p • outeassing limited the interstitial 

pressure profile, after initial rapid depressurization, indicates that outgassing nmncu 

pressure. 

When pumped overnight, the pressure in the region enclosed by the ten *ayer bianket 
dropped to theVs torr range but was still one decade higher than that on the pumped 
residual pressure could still be the effect of outgassing. 

PFRFORMA N™ predictions 

The results of the two types of measurements we ? 
a multilayer configuration in a rapidly depressurizing environ 
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^™ nC fi at Ste u dy ‘ State P ressurc would result at each time during a pressure 
transient. Also, the pressure history measured in the region enclosed by the test blanket was 

2 b l a co "! ervatlve estimate of the actual interstitial pressure. These two assumptions 
allow the blanket performance to be estimated as a function of time. ^ 

RgUre 8 - l h ° WS ^e actual ascent pressure histoiy of a boost vehicle and the 
stimated interstitial pressure within a ten layer blanket during the first five minutes of flight The 

maximum measured delay time of 15 seconds was applied down to 5x10-3 ton- after which the 
pressure history of Figure 6 measured in the enclosed region was assumed. 

Va ii} es of effective emissivity from the theoretical curve of Figure 2 were inserted for each 
pressure. The resulting predicted performance of the ten layer blanket is shown in Figure 9. The 
ultimate performance of the blanket is also indicated for comparison. 

be withSTI^nff’S? W ! thin f* te ^u layerblanke t reaches 10-3 tore, the effective emissivity will 
be within 15% of its ultimate value. This will occur m about five minutes. In the same time the 

bTStflL^^onte ihknate^ b,3nket W ° Uld haVC reached 2xl(H torr its performance would 
CONCLUSIONS 

Jke effecti ve emissivity of a ten layer insulation blanket was found to be nearly constant up 
to 10-3 tore, a pressure higher than has been reported previously. The effective emissivity of a 
similar four layer b anket was nearly constant up to 1(H tore. As pressure increases from high 

Tt£°iw’ insuatl ° n layers f ct not only as radiation shields but also as shields to molecular flow 
Tte increase “ heat transfer with increasing pressure correlated with the kinetic theory of gas 

™^ n flon 111 the mo ^? ar flow regime. Therefore, the performance of a multilayer configuration 
under high vacuum ** determined from the effective emissivity of the particular configuration 

The interstitial gas pressure inside each test configuration was bounded by measuring the 
pressures on both stdes during the rapid depressurization of one side. The pressure mS! *n 
ayer blanket was at most 10-3 torr after three minutes. The pressure inside the four layer blanket 

t'han StHS? 2X /°fi tOIT i in thC S ^ me 11,6 measurements indicated that outgassing, rather 
to fl ° W ’ imitS the Pcfform^ce of multilayer insulation. There results were 
W h Tu SUreme L " tS , of ® ffec tive emissivity to provide performance predictions. For 

example on an actual boost vehicle, either of the multilayer blankets tested could attain within 15% 
of their ultimate performance in about five minutes. 
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Figure 1. Guarded Hot Plate Calorimeter in Vacuum System 
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Figure 3. Ten Layer Blanket Performance With Gas Conduction 
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Figure 4. A Comparison of Blanket Performance. 


67 









Pressure (torr) 



Figure 7. Consecutive Depressurizations of a Ten Layer Blanket 
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Figure 8. Actual Ascent Pressure History and Estimated MLI Response 
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Figure 9. Predicted Ten Layer Blanket Performance 
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